Background: Reports conflict concerning measurements of plasma metanephrines (MNs) for diagnosis of pheochromocytomas/paragangliomas (PPGLs) by immunoassays compared with other methods. We aimed to compare the performance of a commercially available enzyme-linked immunoassay (EIA) kit with liquid chromatography-tandem mass spectrometric (LC-MS/MS) measurements of MNs to diagnose PPGLs. Methods: In a substudy of a prospective, multicenter trial to study the biochemical profiles of monoamine-producing tumors, we included 341 patients (174 males and 167 females) with suspected PPGLs (median age 54 years), of whom 54 had confirmed PPGLs. Plasma MNs were measured by EIA and LC-MS/MS, each in a specialized laboratory. Results: Plasma normetanephrine (NMN) and MN were measured 60 and 39% lower by EIA than by LC-MS/MS. Using upper cut-offs stipulated for the EIA, diagnostic sensitivity was only 74.1% at a specificity of 99.3%. In contrast, use of similar cut-offs for MN and overall lower age-adjusted cut-offs for NMN measured by LC-MS/MS returned a diagnostic sensitivity and specificity of 98.1 and 99.7%. Areas under receiver-operating characteristic curves, nevertheless, indicated comparable diagnostic performance of the EIA (0.993) and LC-MS/MS (0.985). Diagnostic sensitivity for the EIA increased to 96.2% with a minimal loss in specificity (95.1%) following use of cut-offs for the EIA adapted to correct for the negative bias. Conclusions: The EIA underestimates plasma MNs and diagnostic sensitivity is poor using commonly stipulated cut-offs, resulting in a high risk for missing patients with PPGLs. Correction of this shortcoming can be achieved by appropriately determined cut-offs resulting in comparable diagnostic performance of EIA and LC-MS/MS assays.
Introduction
The clinical presentation of pheochromocytomas/ paragangliomas (PPGLs) is highly variable, ranging from asymptomatic to life-threatening and even fatal in some cases. Autopsy studies suggest that most PPGLs are not recognized during life (1) . Hypertension, either sustained or paroxysmal, is one major sign that, combined with symptoms of catecholamine excess, most usually triggers diagnostic efforts; overall, however, only a small proportion of patients tested for PPGLs are diagnosed with tumors (2) . Fast and reliable methods for screening of PPGLs are required.
Biochemical diagnosis of PPGL is possible with high sensitivity and reasonable specificity using measurements of plasma free metanephrines (MNs), normetanephrine (NMN), and MN (3) . Liquid chromatography with electrochemical detection (LC-ECD) was initially the method of choice for these measurements. LC-ECD has since been largely superseded by LC with tandem mass spectrometry (LC-MS/MS) (4) or immunoassay methods (5) .
Numerous studies have reported high diagnostic accuracy of immunoassay measurements of plasma MNs for screening PPGLs, supporting use of the method in the routine laboratory environment (6, 7, 8, 9, 10) . However, none of these studies compared the immunoassay with either LC-ECD or LC-MS/MS. First reports from inter-laboratory proficiency programs suggest that immunoassays may be less precise and accurate than both other methods (11, 12) . Suggestions that immunoassays show a negative bias, leading to potential missed diagnoses, were further suggested by two other studies (13, 14) .
As the immunoassay has become a widely used tool for measurements of plasma MNs (especially in Europe), we compared the diagnostic performance of an enzymelinked immunoassay (EIA) with that of a recently established and validated LC-MS/MS method (15) .
Subjects and Methods
The analysis took advantage of a multicenter trial (Prospective Monoamine-producing Tumor study) from which plasma samples were made available for method comparisons from 341 patients (174 males, median 54 years, range 13-86) tested for PPGLs at four European centers. The clinical protocol was approved by Local Ethics Committees at each center with written informed consent obtained from all patients.
Testing for PPGLs was carried out either because of clinical signs and symptoms (e.g. drug-resistant or paroxysmal hypertension, symptoms suggesting catecholamine excess), an incidental finding of an adrenal mass or for follow-up of patients with a history of a PPGL or a hereditary predisposition to PPGLs. Among the 341 patients tested, PPGLs were confirmed in 54 patients. Diagnosis was performed by pathological examination of surgically resected tumors, or in cases of inoperable disease, by imaging evidence of metastases. Exclusion of PPGLs in 287 patients was based on an alternative diagnosis or remission of initial complaints and an uneventful follow-up of at least 12 months.
Collections of blood samples
Blood sampling was carried out according to standard operating procedures that required an overnight fast and a supine resting position for at least 30 min before the blood draw. All blood samples were collected into heparinized tubes and immediately placed on ice or cool pads at 4 8C. Plasma was separated by centrifugation and specimens were stored at K80 8C before shipping to the two central laboratories on dry ice.
LC-MS/MS measurements of MNs and methoxytyramine
In addition to measurements of NMN and MN, the LC-MS/MS method allows measurements of plasma 3-methoxytyramine (3-MTY), the O-methylated metabolite of dopamine. Analyses of plasma free NMN, MN, and MTY by LC-MS/MS were performed in the Institute of Clinical Chemistry and Laboratory Medicine at the University Hospital of Dresden using a recently validated method (15) . Briefly, concentrations of free NMN, MN, and 3-MTY were first purified and concentrated using an offline solid-phase extraction (SPE) procedure before injection into the LC-MS/MS. For this procedure, aliquots of samples, including calibrators and quality control samples, were loaded in a pre-conditioned SPE 96-well plate pre-filled with 10 mM ammonium acetate and internal standard (500 pg each for deuterated NMN, deuterated MN, and deuterated MTY). Following positive pressure elution of samples, the SPE material was sequentially washed with 2% formic acid and methanol. The amine metabolites and their respective internal standards were then eluted into a 96-deep-well plate using two passes of 5% ammonia in methanol. After drying eluates in a vacuum-assisted centrifuge, residues were reconstituted in a solution of 2% acetonitrile and 0.2% formic acid, from which 10 ml were injected into the LC-MS/MS system for analysis.
Standardization and validation of the LC-MS/MS method
LC-MS/MS measurements of NMN, MN, and MTY were performed by calibrators prepared by dilution of weighed amounts of commercially prepared material as described previously (15) . Validation involved comparisons of LC-MS/MS measurements with measurements of identical samples by an established LC-ECD. That LC-ECD method in turn had shown close agreement with other methods, including comparisons of shared calibrators with other centers, and negligible bias during multiple cycles from 2008 and 2012 in an inter-laboratory quality assurance program (12) .
Subsequent validations of the LC-MS/MS method included continued participation in the inter-laboratory quality assurance program, which during the 2012 cycle established minimal bias and interassay coefficient of variation (CV) values for all three measurements of less than 5%. Assessments of bias for the 2013 cycle indicated measurements of NMN and MN to be, respectively, 1.8% lower and 3.0% higher than median values reported from all 27 participating laboratories, while values of 3-MTY were 8.0% lower than median values of 12 laboratories for which these measurements were reported. Proficiency program assessed interassay CV values to be ranging from 4.7 to 6.3% for NMN and MN and 4.4 to 11.6% for 3-MTY.
EIA measurements of MNs
EIAs for plasma free NMN and MN were performed in the laboratory of the manufacturer (Labor Diagnostica Nord (LDN), Nordhorn, Germany). The interassay CV values of the EIA range from 11.7 to 13.0% for NMN and 12.0 to 21.1% for MN.
The EIA was established for EDTA plasma. As blood samples were collected with heparin, we validated use of heparinized plasma for the EIA using paired samples of both EDTA and heparinized plasma. Sixteen pairs of heparinized and EDTA anticoagulated samples derived from adrenal venous sampling studies were analyzed (16) . Values obtained from measurements in heparinized and EDTA plasma were closely correlated for both NMN (r 2 Z0.975, P!0.001) and MN (r 2 Z0.916, P!0.001) and showed negligible bias ( Supplementary Fig. 1 , see section on supplementary data given at the end of this article).
For the EIA, the lower limit of quantification (LLOQ) is 23 pg/ml (0.126 nmol/l) for NMN and 17 pg/ml (0.086 nmol/l) for MN. For LC-MS/MS, the LLOQ is 4.4 pg/ml (0.024 nmol/l) for NMN, 3.9 pg/ml (0.020 nmol/l) for MN, and 4.0 pg/ml (0.024 nmol/l) for 3-MTY.
Standardization of the EIA is achieved using mixed DL-enantiomers of NMN and MN. These concentrations are then corrected downwards to 40 and 48% of respective DL-enantiomer concentrations of NMN and MN to achieve estimated concentrations of L-enantiomers. Final concentrations stipulated in the instructions for use manuals reflect concentrations of L-enantiomers after a 1:6 dilution.
Comparisons of LC-MS/MS and EIA measurements
Measurements of MNs in the same samples of plasma by LC-MS/MS and EIA were performed by both laboratories in a blinded manner with no clinical information available before analyses. Comparisons also included LC-MS/MS measurements of concentrations of NMN and MN in calibrators used for the EIA.
Data analysis
As described previously (15, 17, 18) , upper cut-offs (UCs) for plasma free NMN, established under supine fasting conditions, were defined by patient age, using a curvilinear regression model (UC NMN Z0.0003792!(age 3 )C 98.9). According to this model, UCs for NMN increased from 98.9 pg/ml (0.54 nmol/l) for five year olds to 200 pg/ml (1.09 nmol/l) as the maximum for all patients aged 65 years and older. The UCs were established at 88 pg/ml (0.45 nmol/l) for MN and 30 pg/ml (0.18 nmol/l) for 3-MTY. Primarily, UCs for the immunoassay were used as published by the manufacturer (180 pg/ml or 0.98 nmol/l for NMN and 90 pg/ml or 0.46 nmol/l for MN). Bias of the immunoassay was quantified using Bland-Altman analysis. UCs for the EIA were then recalculated from LC-MS/MS-derived UCs to adjust for bias. We also established UCs from receiver-operating characteristic (ROC) curve analyses.
False 
Statistical analysis
Continuous data are reported as medians and compared using Wilcoxon's test. Differences in diagnostic sensitivities and specificities were compared using McNemar's test and probability testing for proportions as appropriate. ROC curves were constructed based on the predicted outcomes of a multivariable logistic regression model including plasma free NMN, MN, and 3-MTY as characteristics. For analysis of diagnostic test performance, areas under the ROC curves (AUCs) were calculated and differences examined according to the method of Hanley. CIs for proportions were calculated according to the method of Newcombe (19) . P values of !0.05 were considered statistically significant. For statistical analyses, R version 2.12.2 (The R Foundation for Statistical Computing, Vienna, Austria) was used (20, 21) .
Results

Plasma MNs in patients with and without PPGLs
Plasma concentrations of NMN were seven-and 8.6-fold higher in patients with PPGLs than in those without PPGLs as measured by EIA and LC-MS/MS respectively (Table 1) . Plasma concentrations of MN were similarly 2.4-and 2.2-fold higher in patients with PPGLs than in those without PPGLs as measured by both EIA and LC-MS/MS. Plasma concentrations of NMN were measured to be 123 and 81% higher by LC-MS/MS than by EIA for patients with and without PPGLs respectively. Similarly, plasma concentrations of MN were measured to be 102 and 125% higher by LC-MS/MS than by EIA for patients with and without PPGLs.
EIA vs LC-MS/MS measurements of plasma MNs
Measurements by EIA were below LLOQs in 75 samples for plasma free NMN and 170 samples for plasma free MN, which were therefore not included in regression or Bland-Altman analyses. With exclusion of those data, plasma concentrations of NMN and MN measured by EIA, although showing strong positive relationships (P!0.001) with concentrations measured by LC-MS/MS, were measured considerably lower by EIA than by LC-MS/MS (Fig. 1) . Bland-Altman plots quantified the negative bias to 60% for NMN and 39% for MN. The negative bias was more pronounced for the higher concentrations in patients with PPGLs than for the lower concentrations in patients without tumors (74% vs 56% for NMN, P!0.001 and 52% vs 35% for MN, PZ0.025).
LC-MS/MS measurements of EIA calibrators
Concentrations of NMN and MN measured in B, C, D, E, and F calibrators of the EIA were 14-to 17-fold higher than concentrations stipulated according to the instructions for use manuals of the EIA (Table 2) . However, the concentrations described in those manuals reflected diluted concentrations after mixing of 100 ml supplied undiluted standard solutions with 500 ml equalizing solutions (i.e. 1:6 dilution). Described concentrations also reflected those of the L-enantiomers of NMN and MN calculated according to their 40 and 48% respective abundances in mixed DL-enantiomers of the starting material. With these corrections in place, concentrations measured by LC-MS/MS closely matched the concentrations of DL-NMN and -MN indicated by the manufacturers for their undiluted calibrators. For NMN, there was a near 1:1 relationship between measured concentrations and manufacturerindicated concentrations whereas, for MN, manufacturer-indicated concentrations were 11% lower than those measured by LC-MS/MS ( Supplementary Fig. 2 , see section on supplementary data given at the end of this article).
Diagnostic test performance
Application of the UCs for the EIA stipulated by the manufacturers (NMN, 180 pg/ml and MN, 90 pg/ml) resulted in a diagnostic sensitivity of 74.1% (CI, 61-83.9), (Table 3 ). In contrast, the diagnostic specificity did not differ between EIA-and LC-MS/MS-based measurements (98.9% vs 99.7%). The difference in sensitivity reflected 14 FN results using the EIA compared with only one with LC-MS/MS. The one FN result by LC-MS/MS reflected a patient with a dopamine-producing paraganglioma and metastases to the spine. Thus, when 3-MTY was combined with NMN and MN, the sensitivity increased to 100% (CI, 93.4-100) with a minimal loss of specificity at 98.6% (CI, 96.5-99.5).
Despite the significantly lower diagnostic sensitivity for the EIA than for LC-MS/MS measurements, ROC curve analyses indicated AUCs that did not differ between measurements by EIA and LC-MS/MS (Fig. 2) . Thus, both methods showed a comparably high diagnostic performance, indicating that the poor diagnostic sensitivity of the EIA probably reflected the use of inappropriately high UCs. Borderline test results and biochemical phenotypes of PPGLs
As biochemical diagnosis of PPGLs in patients with mildly elevated plasma MNs is more troublesome than that in patients with more severely elevated MNs, we also assessed the diagnostic performance of the EIA in patients with borderline increases as defined previously (22) . As shown in Fig. 3 , differences between concentrations of MNs and bias-corrected upper UCs for NMN and MN as measured by EIA were smaller and less clear than differences measured by LC-MS/MS. Two patients with pheochromocytoma and multiple endocrine neoplasia type 2 (MEN2; ages 34 and 44) showed elevations in plasma MN concentrations by LC-MS/MS, but not by EIA and were thus incorrectly classified by EIA with a noradrenergic rather than an adrenergic phenotype. Moreover, with LC-MS/MS, there were 21 patients showing elevations in 3-MTY concentrations, including six with mutations in succinate dehydrogenase subunits B and D (SDHB and SDHD) genes, one of whom (age 41) had normal plasma concentrations of NMN and MN by both LC-MS/MS and EIA. Among the patients with dopamine-producing tumors, there were ten with greater elevations in 3-MTY concentrations above 80 pg/ml (0.48 nmol/l), eight (80%) of whom had metastatic disease. In contrast, among the other 44 patients, only three (7%) had metastatic disease.
Discussion
This study reveals a shortcoming in a commercially available EIA kit method for measurements of plasma free MNs that can lead to a missed diagnosis in up to a quarter of patients with PPGLs. Nevertheless, ROC curve analysis demonstrated that the diagnostic performance of the EIA was comparable to that of the LC-MS/MS method, illustrating the importance of appropriately determined UCs for ensuring optimal diagnostic sensitivity and specificity. The underlying problem of substantially underestimated plasma concentrations of MNs by the EIA is compounded by use of inappropriately high UCs. As demonstrated in this study, this problem is easily addressed by use of UCs adjusted for the negative bias of EIA measurements, yielding a diagnostic sensitivity close to that of the LC-MS/MS method with a minimal loss in specificity.
The negative bias of EIA measurements of plasma MNs was initially suggested from results of an inter-laboratory quality assurance program that utilized pooled lyophilized plasma spiked with commercially available racemic enantiomers of MNs in the first series (11) , and plasma spiked with natural L-enantiomers derived from urine was used in a subsequent series (12) . The distinction is important, as the natural L-enantiomers of MN are the forms targeted by immunoassays (5) . In contrast, chromatographic methods do not distinguish between the D-and L-enantiomers, allowing the use of commercially available racemic enantiomers for calibration of those methods.
In this study, we explored the above issues further by LC-MS/MS measurements of NMN and MN in EIA calibrators, observing close agreement between measured concentrations and those indicated by the manufacturer. These expected concentrations were, however, those of the DL MNs that the manufacturer uses for preparation of standards, with final lower concentrations in instruction for use manuals reflecting estimated concentrations of L-enantiomers. Therefore, it seems possible that the DL-to L-enantiomer correction may represent the cause of the lower concentrations of MNs measured by the EIA than by LC-MS/MS. The ideal solution to the EIA calibration problem would be met by use of L-enantiomers of MNs, which, unfortunately, are presently unavailable from commercial suppliers. In the meantime, miscalibration of the EIA combined with inappropriately used reference intervals has already led to reports of patients with PPGLs being missed by the EIA that were detected by LC-MS/MS. In the report by Peaston et al. (14) , two patients with PPGLs were described with repeatedly negative results by EIA and positive results by LC-MS/MS. In this and previous reports (13, 14) , concerns were raised about the likelihood of FN results for the EIA according to the UCs indicated by the manufacturer. The findings of this study in a larger series of patients prospectively tested for PPGLs now confirm that these concerns are justified.
While we now confirm that the UCs provided by the manufacturer are inappropriately high, other users of commercial immunoassays for plasma MNs have appropriately determined their own UCs (10, 23) . Using ROC curve analysis, Unger et al. established UCs for an early RIA much lower than that stipulated by the manufacturers resulting in a diagnostic sensitivity of 95.8%, but at a specificity of only 79.4%. We similarly established a specificity less than the optimal specificity using ROC curve-derived UCs, supporting use of the bias-corrected UCs described in this study. More recently, Pussard et al. (23) , using a RIA kit from a different manufacturer, have reported that the UCs stipulated for that kit were also too high and described optimal UCs for NMN to be 100 pg/ml (0.55 nmol/l) and MN to be 70 pg/ml (0.36 nmol/l). However, by applying these UCs to our series, diagnostic sensitivity was only increased from 74 to 90%. Rather than relying on information provided by manufacturers of kits, UCs should be verified in each laboratory according to published guidelines (24) . Ideally, reference intervals should also be further validated with appropriately sized populations of patients with and without disease. For manufacturers of diagnostic kits for rare endocrine diseases, such validation and continued quality assurance can pose a problem due to limited access to patient materials. Closer interactions between kit manufacturers and high-patient-volume academic reference centers may provide a partial solution. For lower volume laboratories that utilize such kits, a practical approach might be local verification of calculations from larger series, such as this study. Continuous local validation by participation in inter-laboratory quality assurance programs is also essential.
As has been demonstrated in a recent report (17) , it should be appreciated that use of inappropriately high UCs for measurements of plasma MNs is not simply a problem confined to commercial immunoassay kits, but also a problem for laboratories where UCs have been established from reference populations sampled in the seated position rather than the recommended supine position. As indicated in that report, use of UCs established in the seated position results in a substantially decreased diagnostic sensitivity associated with a ninefold increase in FN results. Again, this illustrates the crucial importance of correctly determined UCs to effective diagnosis of PPGLs.
While use of the EIA with UCs provided in this study results in an acceptable diagnostic sensitivity, we also show that careful interpretation of borderline-increased results is particularly important as measurements by the EIA are much closer to the UCs compared with those with LC-MS/MS. As plasma concentrations of MNs correlate with the tumor size (25) , generally special attention must be given to smaller tumors with borderline-increased biochemical results (26) . Thus, patients monitored after resection of a PPGL will usually have much lower plasma concentrations of MNs in the early stage of a relapse, irrespective of a malignant course, a hereditary disease, or a sporadic relapse (27) .
In our study, the proportion of patients with PPGLs to those without disease was higher than expected for the usual pre-test prevalence of the tumor. Among unselected patients screened for PPGLs, prevalence of PPGLs ranges from 0.8 to 1.6% (28, 29, 30) . Among patients with incidentalomas, prevalence of PPGLs is higher, at 4-9% (31), but even higher for patients tested because of germline mutations of PPGL susceptibility genes, reaching to 40% in patients with MEN2 (32) . Similarly, patients with a history of PPGLs have an overall 16.5% risk of recurrent disease (27) . For all above groups of patients, UCs should be chosen to ensure a high diagnostic sensitivity. While such UCs have a minimal impact on relative proportions of FP results to TP results for testing among high-risk groups, the impact becomes larger at low prevalence rates. This may favor LC-MS/MS over immunoassays for minimizing rates of FP results when testing low-risk groups.
LC-MS/MS offers several other advantages over EIA assays. While immunoassays are relatively easy to implement, matrix effects are well-recognized limitations of this method, resulting in cross-reactivity, nonspecific binding, or interference; inter-and intra-assay variabilities may also cause difficulties for patient follow-up (33) . LC-ECD can also suffer from interferences, whereas LC-MS/MS provides greater freedom from analytical interference (4) . Nevertheless, some interferences with LC-MS/MS have been reported due to isobaric compounds (compounds with the same element composition) for which precursor and product ions may not be distinguished by collision-induced dissociation (34) . Such interferences, however, can be easily avoided by chromatographic separation. Finally, the addition of 3-MTY to the diagnostic work-up further increases sensitivity with only a marginal loss in specificity (Table 3) . Nevertheless, such high sensitivities and specificities can only be attained by supine and fasting sampling (17) .
As measurements of 3-MTY are not currently available for EIA, it is also not yet possible using the EIA to detect PPGLs that produce only dopamine or correctly classify PPGLs with dopaminergic phenotypes. Thus, one patient with a SDHD mutation and a purely dopamine-secreting tumor was missed by the EIA, but detected by LC-MS/MS. Metastatic disease in several others was identified by measurements of 3-MTY. Furthermore, two patients with MEN2A were falsely diagnosed by EIA with norepinephrine phenotypic features. As indicated by the numbers of results below LLOQs, analytical sensitivity of the EIA is less than that provided by LC-MS/MS. Catecholamine profiling can assist with identifying underlying mutations and presence of malignant disease, but, for this, analytical sensitivity sufficient for precise measurements of all three metabolites at the lower end of the scale is essential (35, 36) .
In conclusion, ROC curve analysis shows that both LC-MS/MS and EIA measurements of plasma MNs provide excellent diagnostic performance in patients tested for PPGLs. However, the EIA measures the metabolites to be very low, hence re-calibration of the method is needed. More importantly, cut-offs indicated by the manufacturer do not provide sufficient sensitivity for diagnosis of PPGLs. Until the calibration problem is corrected, this shortcoming can be overcome using UCs adjusted for the negative bias as defined in this study. 
